We calculate the electric dipole moment (EDM) for the neutron in the framework of the minimal 3-3-1 model. We assume that the only source of CP violation arises from a complex trilinear coupling constant and two complex vacuum expectation values. However, from the constraint equations obtained from the potential, only one physical phase remains. We find some constraints on the possible values of this phase and masses of the exotic particles.
I. INTRODUCTION
The measurement of the electric dipole moment (EDM) of elementary particles is a crucial issue to particle physics. This is because for a non-degenerate system, as a nucleus or an elementary particle, an EDM is possible only if the symmetries under T and CP are violated.
On one hand, in the Standard Model (SM) framework the only source of T and CP violation is the phase δ in the CKM mixing matrix. On the other hand, the SM prediction for the neutron electric dipole moment (EDM) is |d n | SM ≈ 10 −32 e· cm [1] [2] [3] [4] [5] , six orders of magnitude below the actual experimental limit of d n | exp = −0.21 ± 1.8210 −26 e · cm or an upper limit of 3.6 × 10 −26 e · cm (95% C.L.) [6] . Hence, we see that in the context of the Standard Model the Kobayashi-Maskawa phase is not enough for explaining an EDM with a value near the experimental limit for both electron and neutron. If the latter case is confirmed in future experiments, it certainly means the discovery of new physics with new CP violation sources.
Moreover, cosmology also hints that the SM may not be a complete description and that new CP violating phases must exist in models beyond the SM in order to explain the observed matter-anti-matter asymmetry of the Universe [7] [8] [9] . Therefore, we are led to explore alternatives to the SM, in our case we consider the minimal 3-3-1 model (m331 for short) with a heavy sextet [10] . However, in this work we will only be concerned with the EDM issue.
The 3-3-1 models are interesting extensions of the standard model which can give some insight in the issue of the number of generations and the value of sin 2 θ W . Moreover, some of these models having vector-quarks with exotic electric charge and at least one neutral scalar coupling with the exotic quarks can explain the 750 GeV resonance observed at LHC. See for instance [11] [12] [13] , and references therein. Although this resonance has not been confirmed by recent ATLAS [14] and CMS [15] data, it is clear that if resonances around 1-2 TeV are discovered in the near future, this model certainly will be able to give it an explanation.
The EDM of electron and neutron in the context of the 3-3-1 model with heavy leptons (331HL for short) has been considered in Refs. [16, 17] . The representation content in the quark sector is the same as in the minimal 3-3-1 model, but the number of the scalar multiplets in the former are larger and include a scalar sextet, under the SU (3) L ⊗ U (1) x it transforms as S ∼ (6, 0), which is needed to give the correct mass to the charged leptons.
However, the degrees of freedom of the sextet decouple when its fields S are heavy, inducing nonrenormalizable interactions between the triplets giving mass to the charged leptons, while the neutrino masses are obtained if we also add right-handed neutrinos transforming trivially under the gauge symmetry of the model and using the type I seesaw mechanism.
The outline of this paper is as follows. In Sec. II we introduce the representation content of the model. The scalar sector in Subsec. II A, while the quarks are presented in Subsec. II B.
In Sec. III, we calculate the EDM for the neutron. The last section, Sec. IV, is devoted to our conclusions. In the Appendices A -C we write all the interactions and mass eigenstates used in our calculations.
II. THE 3-3-1 MODEL
Here we will work in the framework of the minimal 3-3-1 model with a heavy sextet and right-handed neutrinos studied in Ref. [10] . In this model the electric charge operator is
given by
where e is the electron charge, T 3,8 = λ 3,8 /2 (being λ 3,8 the Gell-Mann matrices) and X is the hypercharge operator associated to the U (1) X group. In the following subsections we present the field content of the model, with its charges associated to each group on the parentheses, in the form (SU (3) C , SU (3) L , U (1) X ).
A. The scalar sector
In this, as in other 3-3-1 models, there are many phases in the mixing matrices. Even if the phases in the CKM mixing matrix are absorbed in the quark fields, they appear in the interactions of the fermions with heavy vector and scalar bosons [18] . Here we will consider that the only source of CP violation phases are in the scalar sector and one of its trilinear couplings. The scalar potential is given in Ref. [10] with a few changes. There, all the VEVs and coupling constants were assumed real. If lepton number is conserved in the scalar potential, there are two linear trilinear interactions with couplings f 1 and f 2 . For the sake of simplicity we will consider only f 1 to be complex. Hence, we begin with the following phases (the notation is x i = e iθ i |x i |): θ η , θ ρ , θ χ , θ s2 and θ 1 of v η , v ρ , v χ , v s2 and f 1 , respectively.
The SU (3) transformation T = diag(e −iθη , e −iθρ , e i(θη+θρ) ) allows us to eliminate two phases, θ η and θ ρ . After this transformation is done the phase of v χ in the trilinear term f 1 ηρχ becomes θ χ = θ η + θ ρ + θ χ , and in the trilinear term f 2 (χ T S * ρ + ρ T S * χ) the phase of v s2 becomes θ s2 = θ s2 − θ ρ . Hence we have three phases up to now: θ 1 , θ χ , θ s2 (we have omitted the prime in the phases of θ χ and θ s2 ). Next the constraint equations involving only the latter phases, that are obtained by taking the derivatives of the potential with respect to the VEV's, become
where θ s2 , θ χ and θ f 1 are the complex phases for the VEVs and the coupling constant. At the potential minimum all derivatives above should be zero, in doing so, from ∂V /∂θ s2 = ∂V /∂θ χ = 0 we find θ s2 = θ f 1 = −θ χ , and using this in the other constraints we obtain
This scalar potential leads to mass matrices where the analytical solutions for the mass eigenstates are not available. Therefore, in the same vein as in [10] , we will work with approximate mass matrices, where we assume that |v χ |/|v s2 | >> 1 and also disregard some non-diagonal elements assuming that the diagonal elements dominate. These mass matrices and their corresponding eigenstates and eigenvectors are presented in Appendix A.
B. Quarks
In the quark sector there are two anti-triplets and one triplet, all left-handed, besides the corresponding right-handed singlets: (5) where m = 1, 2 and α = 1, 2, 3. The j m exotic quarks have electric charge -4/3 and the J exotic quark has electric charge 5/3 in units of |e|.
The Yukawa interactions between quarks and scalars are given by:
where we omitted the sum in m, α and i = 1, 2, 3,
, G mi and g J are the coupling constants.
From Eq. (6), we obtain that the exotic quarks have the following interactions with the charged scalars
T L,R denoting the mass eigenstates. We have defined the matrices
In Eq. (7) we have assumed that the mass matrix in the j 1 , j 2 sector is diagonal, i.e.,
After absorbing the θ χ phase in the masses we have
We have also used the fact that if U L,R and D L,R denote the symmetry eigenstates and U L,R and D L,R the mass eigenstates. They are related by unitary matrices as follows:
In terms of the mass eigenstates we can write the Yukawa interactions in Eqs. (7) and (8) Using as input the observed quark masses and the mixing matrix in the quark sector,
[19], the numerical values of the matrices V U,D L,R were found to be [20] : 
In the same way we obtain the V U,D R matrices: [25] . The matrices given in Eqs. (9) and (10) give the correct quark masses (at the Z-pole given in Ref. [20] ) and the CKM matrix if the Yukawa couplings are: The numerical solutions in (9) and (10) are not unique and difficult to be obtained, and we cannot claim that we are exploring all the parameter space. However, they are sufficiently realistic for considering that the results obtained using them are also realistic and a possibility for the constraints of the mass of the particles in the model.
III. THE NEUTRON EDM
In the framework of quantum field theory (QFT) the EDM of a fermion is described by an effective Lagrangian
where d is the magnitude of the EDM, f is the fermion wave function and F µν is the electromagnetic tensor. This Lagrangian gives rise to the vertex
where q ν is the photon's momentum.
Since the EDM is an electromagnetic property of a particle, its Lagrangian depends on the interaction between the particle and the electromagnetic field. To find the EDM one must consider all the diagrams for a vertex between the particle and a photon. The sum of the amplitudes will be proportional to
Comparing with Eq. (12), we can see
We will assume here that the only source of CP violation is the phase θ χ as found out in Sec. II A. Considering the diagrams given in Fig. 1 we find an expression for the neutron EDM in this 3-3-1 model. For each diagram we calculate the contribution to the EDM given by each quark, with the total EDM of the neutron, assuming contributions of the quarks u, d, s, is written by
where in the quark model g [26] [27] [28] . The analytical expressions for each quark contribution are:
where
Similarly, considering the figures involving the u quark in Fig. 1 , in this case the charged
and the integrals I dJY 1,2 are given by
and
where m Q and m q denote the masses of the exotic quark and the known quarks, respectively. Using eq. (14) and considering that it respects the actual experimental limit [6] , low values allow a larger parameter range for θ χ , but for values above 1000 GeV the complex phase cannot be higher than 0.010 radians, since the upper limit of the green region becomes nearly horizontal.
We can understand the above results from the analytical expressions in (15), (16), and (17) , that all contributions to the nEDM are proportional to sin(2θ χ )m J , hence large m J implies small phases θ χ (or other values where the sine is small), while lower values for this mass allows a greater range of values for the complex phase, as can be sees in the figure.
For the scalar masses, the analysis is more intricate. The nEDM dependence on these parameters can be seen in Eqs. (18) > 300(800) [23] , and for the doubly charged scalars we use m 2 Y ++ > 580 [24] . Note that in our plots we start from null masses in the horizontal axis. In this manner it is possible to have a better understanding of the numerical results from a mathematical perspective.
IV. CONCLUSIONS
In the framework of the 3-3-1 models, the neutron EDM was calculated in Refs. [17] .
However, at that time we knew nothing about the unitary matrices in the quark sector, V U,D L,R . Notwithstanding, after the results from Ref. [20] it is possible to make more realistic calculations of the EDM once now the number of free parameters is lower than before. In fact, once the values of v ρ and v η are obtained, the quark masses and the CKM matrix determine, not necessarily unequivocally, the unitary matrices in the quark sector. At this level, the unknown parameters are the phase θ χ , the masses of the exotic quarks and scalars, and the orthogonal matrix which diagonalize the mass matrix of the CP even neutral scalars.
Here we have shown that the neutron EDM imposes a constraint in the new mechanism of CP violation arising from the complex phase in the χ triplet VEV. Moreover, from the EDM of the neutron at 1-loop order we were able to set limits on the masses of the exotic quarks and the complex phase of v χ , which are compatible with the search of these sort of fields at the LHC and Tevatron [29] . It seems that in this model we have a situation similar to that in supersymmetric theories, in which the EDM's are larger than the SM prediction and are appropriately suppressed only by the phases. This is the so called SUSY CP -problem. See Ref. [30, 31] and references therein. However, we stress again that we have considered only the soft CP violation present in the model. In fact, it has other CP hard violating sources. Beside the phase δ in the CKM matrix, the matrices V There are also contributions from the chromo-electric dipole moment (CEDM), mainly that of the top quark [28] . This effect is important to higher order calculations and may further constrain our values for θ χ . However, this goes beyond the scope of our work and we hope these issues will be considered elsewhere. Although the m331 has a rich scalar sector including a sextet [33] , in the context of the model with a heavy sextet [10] the model seems like the 3-3-1 model with heavy leptons [34] in which only three triplets are needed for breaking the gauge symmetry and give mass to all charged fermions. However, the degrees of freedom of the scalar sextet still exist but, in the approximation used here, they do not mix with the other scalars of the same charge.
As we said in Sec. II, so we are considering the case when |v χ |/|v s2 | 1 and disregarding some off-diagonal elements, we are able to find the following mass matrices for the scalar sector. All mass matrices, but that of the real neutral scalar, are block diagonal in the approximation used here.
• Singly charged scalars 1, in the basis (ρ + , η
h + does not mix, it is already a mass eigenstates with
• Singly charged scalars 2, in the basis (χ + , η
h + 2 does not mix, and
• Doubly charged scalars, in the basis (χ
where H ++ 1,2 are already mass eigenstates with masses
With the mass matrices above we are able to find the following mass eigenstates for the scalar sector. From the matrix in (A1) we obtain the eigenvectors
• Singly charged scalars 1 (h − does not mix)
where the respective eigenvalues are given by
• Singly charged scalars 2 (h − does not mix). From (A3) we obtain
and the eigenvalues are 
From Eqs. (7) and (8) we obtain the Yukawa interactions with the charged scalars that contribute to the neutron EDM. Interactions among D L -type and J R quarks:
where J R = (0 0 J) R and with
Interactions among J L and D R -type quarks:
with
Interactions among J L and U R -type quarks:
Interactions among U L -type and J R -type quarks: 
